To determine the influence of low oxygen tension on the redifferentiation and matrix production of dedifferentiated articular chondrocytes in monolayer and alginate bead culture.
Introduction
Articular cartilage has only a very limited self-healing potential after injury. Therefore, treatment of such defects is important to restore and secure the proper function of an affected joint. A number of different methods have been devised for treating defects in articular cartilage [1] [2] [3] [4] [5] [6] . Some of these methods include tissue engineering and offer a wide range of options to cure articular cartilage defects using autologous bioengineered cartilage tissue or cells. The main problem with such techniques is the small amount of obtainable autologous chondrocytes. It is possible to multiply articular chondrocytes by monolayer culture but this multiplication leads to dedifferentiation, a process during which the cells become fibroblast-like and regain their ability to divide [7] [8] [9] . They lose their round phenotype, become spindle-shaped, and switch their collagenproduction from type II, IX and XI to type I, III and V [10] [11] [12] Therefore, it is important to search for parameters favoring a redifferentiation of dedifferentiated chondrocytes.
Known stimuli for chondrogenesis are growth factors and several aspects of the culture technique 13, 14 . Alginate has proven to induce production of cartilage-specific extracellular matrix components and to promote chondrogenesis in embryonal precursor cells or even a redifferentiation of dedifferentiated chondrocytes in several studies [15] [16] [17] [18] [19] [20] .
In vivo articular chondrocytes are adapted to a low oxygen partial pressure (Po 2 ) and the expression of chondrocyte characteristics in mesenchymal cells is favored by a low Po 2 [21] [22] [23] [24] [25] [26] [27] [28] . Besides, chondrocyte and organ cultures of cartilage subjected to low oxygen tension in culture exhibit properties typical for juvenile cartilage 29, 30 . Thus, we hypothesized that factors mimicking the in vivo environment of articular chondrocytes (like threedimensionality and low oxygen tension) might influence their ability to redifferentiate. Therefore, we tested whether different oxygen tensions would affect the redifferentiation of multiplied and dedifferentiated chondrocytes in monolayer and three-dimensional alginate bead culture. Primary cultures served as controls. We focused on extracellular matrix production (collagen types I, II, IX, keratan sulfate, chondroitin-4-, and chondroitin-6-sulfate) and proliferative activity of the cells. Our data suggest that oxygen is an important parameter in cartilage tissue engineering and that culture of dedifferentiated bovine articular chondrocytes under 5% oxygen supports redifferentiation and matrix-production of the cells.
Materials and methods

ISOLATION AND CULTIVATION OF CHONDROCYTES
Articular cartilage samples from the articulatio tarsi transversa of adult cattle were washed in Hank's buffered salt solution (HBSS, containing 100 U/ml penicillin/ streptomycin and 2.5 g/ml amphotericin; Biochrom, Berlin, Germany), diced aseptically into pieces, and treated with a mixture of pronase (32 U/ml; Boehringer Mannheim, Germany) and hyaluronidase (2.3 KU/ml; Sigma, Deisenhofen, Germany) in HBSS for 1 h. After washing with HBSS (antibiotics see above), extracellular collagen was digested with collagenase [Sigma, 918 U/ml Ham's F-12 medium (Biochrom), with vitamin C (50 g/ml; Sigma) and vitamin E (50 M; Sigma T-3251)] for 6-8 h. The cell suspension was centrifuged (10 min at 400×g), the pellet resuspended in Ham's F-12 medium with 10% fetal calf serum (FCS, Biochrom), antibiotics, vitamins C and E (see above), and filtered through a gauze filter (mesh size 20 m, Hydrobios, Kiel, Germany). Viable cells were counted using a Neubauer chamber and the trypan blue exclusion method. They were seeded in monolayers (100,000 cells/cm 2 ) and in alginate (protocol described below). Medium was exchanged twice a week.
CULTIVATION UNDER 5% AND 21% O 2 AND INFLUENCE ON
MEDIA pH
Cells were kept under an atmosphere of 5% O 2 , 5% CO 2 , and 90% N 2 in an O 2 -/CO 2 -regulated incubator (BB 6220 O 2 , Heraeus Instruments, Hanau, Germany) or under 21% O 2 , 5% CO 2 , and 74% N 2 in a CO 2 -regulated incubator (3862, Forma Scientific, Marietta, Ohio, U.S.A.). For pH-measurement we equilibrated media without cells under 5% and 21% O 2 and determined the pH using a pH-electrode (pH 537, WTW, Weilheim i. OB, Germany) after 8, 24, 48, and 72 h. No oxygen-dependent differences in media pH were found.
SUBCULTURE OF DEDIFFERENTIATED CHONDROCYTES
After 14 days dedifferentiated monolayers were trypsinized (0.25% in PBS, Sigma) and the cells dispersed with an injection needle (Ø=0.9 mm) and a gauze filter (mesh size 20 m, Hydrobios). In order to redifferentiate, the cells were seeded as monolayers on glass coverslips (100,000 cells/cm 2 ) or in alginate (1.2% sodium-alginate from Fluka, Deisenhofen, Germany in 0.9% saline solution; 10 7 cells/ml). Alginate beads (Ø approx. 2 mm) were made by dropping alginate cell suspension through an injection needle (Ø=0.9 mm) into CaCl 2 -suspension (102 mM). The beads were cultured in DMEM (Dulbecco's Modified Eagle Medium, Biochrom) containing 10% FCS, penicillin/ streptomycin (100 U/ml), amphotericin (2.5 g/ml), glutamine (2 mM), vitamin C (50 g/ml), and E (50 M). For viability testing alginate beads were dissolved in dissolvingbuffer (0.55 M Na-Citrate, 1.5 M NaCl, and 0.5 M EDTA), cells centrifuged (400×g; 10 min) and the pellet treated with collagenase (9.18 kU/ml DMEM) for 1 h. Cells were resuspended in DMEM and viability determined (see above).
SECTIONING OF ALGINATE BEADS FOR HISTOLOGY
For paraffin embedding alginate beads were fixed for 30 min with 4% paraformaldehyde (in 29 mM NaH 2 PO 4 ×1H 2 O, 28 mM Na 2 HPO 4 , 53 mM saccharose, and 10 mM CaCl 2 ; pH 7), washed with cacodylat-buffer (0.1 M, 50 mM BaCl 2 , and 0.005% eosine, pH 7.4), dehydrated with rising concentrations of isopropanol (75%, 96% and 100%), transferred into xylol, and embedded in paraffin. 7 m thin sections were made using a sled-microtome (Leitz, Wetzlar, Germany) and spread out on slides coated with chromealaun-gelatine [4.5% (w/v) gelatine, 300 mM potassium-chrome-sulfate-12-hydrate].
For cryostat sections beads were washed using HBSS and put in 20% saccharose solution until they sank to the bottom. They were transferred into 3% gelatine and frozen in liquid nitrogen. The blocks were cut into 7 m thin sections with a cryostat (Frigocut 2800 E, Reichert-Jung, Heidelberg, Germany) at −33°C. The sections were mounted onto microscopic slides covered with chromealaun gelatine (see above) and stored at 4°C.
IMMUNOCYTOCHEMICAL STAINING OF COLLAGENS AND GAGS
All information regarding the different antibodies, their dilution and their incubation times are given in Table I .
Coverslip monolayer cultures were fixed with cold acetone (−20°C) for 10 min, and rinsed with Tris-buffered saline (0.14 M NaCl in 20 mM Tris/HCl-Buffer, pH 7.4; TBS). Unspecific peroxidases were blocked by treatment with 0.6% H 2 O 2 in methanol for 20 min, samples were rinsed with TBS, and treated with the primary antibody (Table I) for 1 h (controls were incubated with TBS without the first antibody for 1 h). After rinsing (TBS) the samples were treated with the second antibody (Table I) , rinsed again, and incubated with the third antibody (Table I) . The samples were stained with diaminobenzidine (DAB-Kit, Vector Laboratories, Burlingame, U.S.A.). Cell nuclei were counterstained using Meyer's hemalum (Merck, Darmstadt, Germany). The stained samples were embedded with Aquatex (Merck).
Paraffin sections (used for collagen type II staining) were deparaffinated with xylol and transferred into aqua dest. using decreasing concentrations of ethanol. They were treated with pepsin (3.9 kU per ml 0.5% acetic acid, Sigma) for 30 min. The following steps resembled the staining treatment for monolayers with the exception that fixation with acetone was unnecessary.
Cryostat sections of alginate beads (used for collagen types I, IX, and GAG staining) were stained following the same protocol used for monolayers with the exception that chondroitin sulfate samples were embedded with glycerin-gelatine instead of Aquatex.
The immunocytochemical results were obtained from five different experiments with 10 embedded beads each. At least 10 sections of the middle part of each bead were stained and evaluated.
WESTERN BLOT FOR COLLAGEN TYPE II
Five beads of each sample were dissolved in 400 l buffer (55 mM sodium citrate, 150 mM NaCl). 100 l of 0.25 M acetic acid and 100 l pepsin solution (1 mg/ml 50 mM acetic acid; P-6887, Sigma) were added and the mixture kept at 4°C for 24 h. 100 l of a 10× stock solution TSB (1 M Tris, 2 M NaCl and 50 mM CaCl 2 , pH 8) and 100 l pancreatic elastase (1 mg/ml TSB; Sigma E-6883) were added and samples incubated for 30 min at 37°C. They were centrifuged for 10 min at 9000×g. 25 
Results
DEDIFFERENTIATION IN MONOLAYER CULTURE
Primary chondrocytes were cultured as monolayers under 21% oxygen tension for two weeks in order to dedifferentiate and to multiply [ Fig. 1(a) ,(b)]. Within a few days, the first spindle-shaped fibroblast-like cells appeared among the spherical chondrocytes. After 2 weeks, many cells exhibited the spindle-shaped fibroblast-like appearance typical of dedifferentiated chondrocytes [ Fig. 1(b) ]. Immunoreactive collagen type I appeared first on day 6 and was then apparent for the remaining dedifferentiation period [ Fig. 1(c) , negative control Fig. 1(d) ]. Culture DNA increased ∼4.39-fold±1.09 (N=10) indicating proliferation of the cells. Viability was at least 90%. Osteoarthritis and Cartilage Vol. 10, No. 1 15 Redifferentiation was determined by collagen type I and II expression. Specificity of the antibodies for collagen types I and II was demonstrated by staining paraffin sections of articular cartilage and underlying bone [ Fig. 2(a),(b) ]. All monolayer cultures of previously dedifferentiated chondrocytes were immunonegative for collagen type II even after 3 weeks in culture under 5% or 21% oxygen [ Fig. 2(c) , insert: negative control]. However, collagen type I was already found after a few days in culture independent of oxygen tension [ Fig. 2(d) ]. Collagen type II expression of previously dedifferentiated cells in alginate revealed strong oxygen-dependent differences: Beads held under 21% oxygen were completely immunonegative [ Table II and Fig. 3 (b); insert: negative control], whereas under 5% oxygen a large portion of cells deposited a pericellular meshwork of newly synthesized collagen type II fibers, which were especially abundant around cells closer to the edge of the beads [Table II and Fig. 3(a) ]. The findings were supported by Western blotting (Fig. 4) where 5% oxygen samples produced a strong band compared to 21% which showed no signal. Samples taken after only two weeks of redifferentiation showed the same result with a weaker signal overall.
Collagen type I expression was also oxygen dependent. Cells held under 21% oxygen exhibited a strong production, whereas beads cultured under 5% showed nearly no immunoreactivity [Table II and Fig. 3 (c),(d); insert: negative control]. Again, cells with an immunoreactive pericellular matrix were located close to the edge of the beads. Collagen type IX expression was also higher under 5% compared to 21% oxygen, where only a small amount of immunoreactive material [Table II and [ Fig. 3(e ),(f)] was found.
Compared with the collagens the effect of oxygen on GAG-production was less striking (Table II, Fig. 5 ), but the tendency towards more immunoreactive material (stronger staining) under 5% compared with 21% oxygen was also observed for keratan sulfate, chondroitin-4-sulfate, and chondroitin-6-sulfate. Proline incorporation of dedifferentiated cells under 5% oxygen was increased 1.71-fold±0.44 (N=10, P<0.0005) in comparison to 21%.
Clusters of dedifferentiated cells indicating cell proliferation were found only near the edge of alginate beads and were more numerous under 5% than 21% oxygen [ Fig. 3(a),(b) ]. However, DNA measurement revealed no significant difference between oxygen groups (5%: 1.51±0.79 g DNA/bead; 21%: 1.71±1.09 g DNA/bead; N=17). Viability of the cells was at least 90%.
PRIMARY CULTURES IN ALGINATE
Primary cultures in alginate held under 5% exhibited only a slightly stronger collagen type II staining than those exposed to 21% oxygen [Table III and Fig. 6(a),(b) ].
However, in the Western blot 5% samples gave a stronger signal than those taken from 21% oxygen (Fig. 4) . Clusters of cells appeared under both oxygen tensions but were found slightly more often under 5%. Collagen type I could not be detected even after three weeks (Table III) . For immunostaining of collagen type IX and GAGs (C-4-S, C-6-S, and K-S) we found an oxygen-independent production of these extracellular matrix components (Table III) . DNA measurement (21%: 1.67±0.07 g DNA/bead; 5%: 1.6±0.09 g DNA/bead; N=6), [ 3 H]-proline incorporation (5%: 1.01-fold±0.3 compared to 21%, which was set at 1.0; N=6), and viability (at least 90%) did not show oxygen-dependent differences in primary cultures.
Discussion
In our study we hypothesized that oxygen tension might influence the redifferentiation of dedifferentiated chondrocytes since articular cartilage is in vivo adapted to a low oxygen tension (≤5%) [21] [22] [23] [24] [25] [26] [27] . Hence, we examined effects of low oxygen tension (5%) on matrix production of dedifferentiated bovine articular chondrocytes in monolayer and three-dimensional alginate bead culture in comparison to atmospheric oxygen tension (21%) used in common cell incubators.
The observed changes during dedifferentiation of the cells (fibroblastic cell morphology, production of collagen type I) were typical of articular chondrocytes and have been widely described by others 8,10-12 . The cells were completely dedifferentiated since there was no collagen type II production in any of the subcultured monolayers even after three weeks. Otherwise the cells would have produced collagen type II, at least in the beginning of the redifferentiation period. Additionally, we can conclude that a redifferentiation in the monolayer system is not possible even under low oxygen tension. Whether the dedifferentiating influences in the monolayer system are stronger than the redifferentiating influence of low oxygen tension or if low oxygen supply has no inductive but rather a promotive effect on the redifferentiation of chondrocytes is still in question and needs to be clarified by further studies. However, according to our knowledge so far no other study has reported signs of redifferentiation for articular chondrocytes in monolayer culture. In the three dimensional alginate culture, collagen type I and II expression by previously dedifferentiated chondrocytes revealed strong oxygen-dependent differences. Under 21% oxygen no collagen type II but a certain amount of type I was detected, which leads to the conclusion that alginate matrix alone did not represent a sufficient stimulus for redifferentiation of bovine articular chondrocytes in our study. A combination of alginate matrix and low oxygen supply, however, seemed to constitute a strong stimulus for redifferentiation because under these conditions a majority of the cells showed a strong collagen type II and no type I production.
Thus, we did not find a redifferentiation in alginate under 21% oxygen as described by others for dedifferentiated articular chondrocytes [17] [18] [19] [20] . Other authors found collagen type II-mRNA as early as day 4 of the alginate culture, indicating an early onset of redifferentiation 17 . The protein itself could be demonstrated as early as day 14 by immunocytochemistry 17 . The lack of type II collagen in beads cultured under 21% oxygen in our experiments might be due to species-related differences in the redifferentiation process since we used bovine and not human or rabbit chondrocytes as others have done [17] [18] [19] [20] . Another important factor that might account for the different results is the joint from which the cells originated. We used cells from interphalangeal joints of adult cattle while others used cells from knee or shoulder or did not state the origin [17] [18] [19] [20] . The fact that our results differ from findings of other studies might also be due to different brands of alginate being used (Alginate from Sigma, Kelco, FMC, and Fluka) [17] [18] [19] [20] . Since alginate is a natural product made from brown algae the exact composition (chain length, ratio of mannuronic to guluronic acid) is usually unclear and different compositions are known to account for different biological effects on other cells 31 19 . We chose high cell density since this is known to stabilize the phenotype of articular chondrocytes in vitro 36 . The reason for the increasing type II production that we found towards the edge of the beads is still unknown but might be due to diffusion problems within the alginate matrix 37, 38 .
The results for collagen type IX and especially for the GAGs (C-4-S, C-6-S, and KS) in redifferentiating cultures were not as striking as the results for collagen types I and II, but also showed an increased production under 5% compared to 21% oxygen. Together with the increased proline incorporation our data show for the first time that dedifferentiated chondrocytes in alginate also show a higher biosynthetic activity for cartilage matrix compounds under low oxygen tension. Our results for primary cultures in alginate agree with those found by other authors who also described a stabilizing effect of alginate culture on the phenotype of articular chondrocytes, even for long-term cultures of up to 8 months 39 . Cells retained their normal phenotype and expressed collagen type II and IX which are typical for articular cartilage. Collagen type I, which would hint at a dedifferentiation of the cells, was not detected in any of the primary alginate cultures in contrast to the monolayer cultures. Other authors have described a weak production of collagen type I by primary cells close to the surface of the beads after two weeks in culture or found a minimal mRNA-expression of the collagen type I-gene 16, 20, 40 . However, low oxygen stimulated collagen type II production in our study and seems to promote cartilage-specific matrix production even in primary chondrocytes (although we found no significant changes in proline incorporation between 5% and 21% oxygen which matches findings of Grimshaw and Mason 24 ).
Conclusion
Our results demonstrate that a combination of alginate and high oxygen tension (21%) might not be suitable for redifferentiation or culturing of dedifferentiated articular chondrocytes under any circumstances. However, low oxygen tension (5%) induces or promotes a redifferentiation of dedifferentiated bovine articular chondrocytes in alginate culture, stimulates their biosynthetic activity, and increases collagen type II production of primary chondrocytes in alginate. Thus, oxygen has to be considered an important parameter in articular cartilage tissue engineering.
